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Introduction

17
Numerous exciting nuclear-structure phenomena can be probed by in-beam 18 γ-ray spectroscopy experiments. Innovative approaches in design of dedicated 19 detection systems during the past decades led to significant advances in position 20 sensitivity, photopeak efficiency and peak-to-total ratio (P/T ) in γ-ray spec-21 troscopy. Moreover, the most recent γ-ray spectrometers, such as AGATA [1] 22 and GRETA [2] , brought about the new concept of high-resolution germanium 23 tracking arrays. This paper starts out with a retrospective overview of large 24 γ-ray arrays (Sec. 2) in order to introduce the developments and requirements 25 of the new tracking arrays. 26 Here, the focus is the performance of AGATA in the framework of the re-27 cent PreSPEC-AGATA campaign at the GSI Helmholtzzentrum für Schwerio- 28 nenforschung, Darmstadt, Germany [3, 4] . Incoming particle identification is 29 done event by event by Fragment Separator (FRS) detector systems [5] . tails of the AGATA subarray configured for the PreSPEC-AGATA campaign 31 are presented in Sec. 3.
32
Using Monte Carlo simulations based on the Geant4 toolkit [6] , extensive 33 characterization studies of AGATA were performed [7, 8] . Nevertheless, it is im-34 portant for the feasibility and the success of the present and future experiments 35 to check experimentally the validity and reliability of this simulation tool, as 36 well as the calculated performance figures. Therefore, a dedicated source mea-37 surement was performed and is described in detail in Sec. 4 . Furthermore, the 38 quantities such as photopeak efficiency, normalized efficiency as a function of 39 the γ-ray energy and P/T were investigated following the procedure outlined in 40 Sec. 5 . The results of the analysis performed on the data alongside their inter-pretation and effect on other measurements are presented in Sec. 6 . Moreover, 42 these results were confronted to the output of the Geant4 simulation and their 43 agreement is presented in Sec. 7.
44
Finally, the paper concludes with a short summary and an outlook for further 45 investigations of performance of AGATA at GSI. to determine the sequence of the interactions.
50
The sophisticated design of AGATA came about only after a series of ad-51 vancements of large γ-ray detector arrays [9, 10] . At a very early stage of HPGe 52 detectors' development, studies of nuclear structure could benefit from larger 
61
Once a γ ray interacts with the detector medium, the energy recorded by 62 those conventional arrays is the signal of any individual Ge-detector crystal.
63
Typically, the absolute photopeak efficiency here depends on the intrinsic effi-64 ciency of the detector and its distance to the source. The P/T is determined 65 by the intrinsic P/T of the individual detector elements, i.e. Ge detector plus 66 surrounding Compton-suppression shield, and its geometry.
67
The next generation of Ge arrays relied on the novel idea of producing com-68 posite detectors, in particular the clover [11] and the cluster [12, 13] peaks when studying γ-ray decays of fast-moving sources [15] . Secondly, it is 80 difficult to distinguish two (or more) γ rays interacting at the same time in the 81 same detector. This can lead to summing effects of coincident γ-ray transitions.
82
The fact that those two γ rays are counted as one reduces the gain in efficiency 83 and P/T provided by the advancement of composite detectors. Therefore, in 84 the next generation of large γ-ray arrays the granularity was increased by means 85 of additional contact segmentation [16, 17] .
86
The innovative concept of segmentation ensured smaller opening angles of 87 the individual granuli, which allowed for shorter detector-to-source distance, 88 without deteriorating energy resolution due to Doppler broadening. As a con-89 sequence, the efficiency improved significantly [8] . The first arrays had longitu-90 dinal segmentation and made the localisation of the first interaction point in a 91 two-dimensional plane possible [16, 17] . In this generation of detector arrays it 92 was not the opening angle of the crystal as a unity that affected the Doppler 93 broadening, but that of an individual segment instead. The above mentioned 94 summing effects are also significantly reduced. Finally, the P/T of such detector 95 arrangements can be enhanced.
96
The most recent developments followed the line of segmentation introduced 97 above, and the idea of γ-ray tracking was realized through the three-dimensional shape. The prerequisite to tracking are the determined interaction points pro-100 4 vided by the pulse-shape analysis (PSA). As a consequence, Compton-suppression shields can be excluded. This allows to fill significantly more solid angle with one being in the U.S.A., GRETINA [2] , and one in Europe, AGATA [1, [18] [19] [20] .
104
The present work provides the feedback on the application of PSA algo-105 rithms and helps to evaluate the reconstruction quality with respect to all three 106 coordinates, x, y and z. Cologne CAlorimeter (LYCCA) [27] .
125
The AGATA subarray, composed of 21 encapsulated detectors was placed clusters were then put in place to guarantee angular coverage at forward angles.
139
This is due to the Lorentz boost, which has to be considered in case of γ rays 140 emitted from nuclei moving at relativistic energies.
141
The arrangement of AGATA detectors in doubles and triples is shown in 
Source Measurements
In order to analyze the in-beam experimental data, it is necessary to de-termine the response of the spectrometer by measuring efficiency and P/T .
149
As mentioned before, simulations can be an excellent way to characterize, in to a computer farm performing further data processing, the overview of which is given in Ref. [30] . For more details on the complete data acquisition system 177 employed in the PreSPEC-AGATA campaign, see Ref. [31] .
178
For the source measurements, the electrically cooled EUROBALL capsule 179 was integrated into the system in such a way that the signal from its preamplifier 
189
For the measurements described here, the side parts of the scattering chamber
190
were dismounted, whereas the holding ring structure was left in place. This
191
can be seen in Fig. 2 . The self-triggered data acquisition was handling the data 192 generated by event rates up to 4 -5 kHz per crystal.
193
In order to make a reliable efficiency estimate of direct use for the anal- 
217
Since the EUROBALL capsule was integrated as if it were one of the AGATA 218 crystals, its data was processed in the same way as an AGATA crystal.
219
In this measurement events were constructed using all the data from the 220 crystals within a time window of 100 ns. Thereafter, the tracking algorithm 221 was applied on the AGATA data exclusively, which is discussed thoroughly in 
Absolute Efficiency and Peak-to-Total
224
One of the main tasks of the data analysis was to determine the absolute effi-225 ciency of the AGATA array, depending on data treatment and parametrization. In the first approach, the so-called external trigger method, the coincidences be-
229
tween AGATA crystals and the EUROBALL capsule as a reference are studied.
230
The second approach is the sum-peak method, focusing on AGATA crystals only 231 where no coincidences were used. In the external trigger method, a γγ angular 232 correlation correction of 0.981 (5) • tracked: uses the reconstructed energy, which is subject to the tracking 244 performance and thus choice of tracking parameters.
245
• tracked, excluding single interaction: same as the previous mode except 246 that it discards events with only a single interaction point up to the energy 247 of 800 keV.
248
• add-back: selectively sums single hits in an event found within a sphere 249 of 100 mm radius. The reference point for this approach was the hit with 250 maximum energy deposition.
251
The absolute efficiency at 1173 keV in all five analysis modes is extracted capsule. In this case, P/T was calculated as a ratio of the yield of the peak at 255 1173 keV and the total number of counts in the spectrum.
256
Furthermore, in case of the tracking mode of analysis, the impact of the
257
AGATA tracking algorithms on the performance was studied. This is explained 258 in more detail in Sec. 6.3. 
Sum-Peak Method
260
In this approach, the absolute efficiency was determined using the sum-peak 261 method [34, 35] In general, the calorimetric mode is sensitive to summing up multiple γ rays, 315 13 particularly in case of high-fold cascading γ rays.
316
In order to apply tracking algorithms on the present data sets, an adjustment 317 in the data processing was implemented. all partially absorbed γ rays are included in the calorimetric spectrum.
333
As compared to the calorimetric mode, the tracked mode results in better Merit FOM = 10, see Sec. 6.3). For the analysis of the three respective cases, two 360 spectra-analysis programs were used: tv [37] and TkT [38] . 
with x = ln(E γ /100), y = ln(E γ /1000), E γ in units of keV and A, B, C,
369
D, E, F , G as fit parameters. Provided the absolute values of efficiency at 370 1173 keV (see Sec. 6.1 and Table 1 ), the aforementioned efficiencies can be 371 readily normalized to the absolute efficiencies of the respective mode:
The efficiency curves according to Eq. 1 for different modes of analysis, alongside The values of the fit and normalization parameters for all the curves are listed 375 in Table 2 .
376 Table 2 : Fit parameters using the program EFFIT [39] . In all cases the parameters C = 0 and G = 12 were kept fixed. See text for details. In case of the calorimetric spectrum, it is obvious that certain data points lie 377 somewhat away from the least-squares fit (green stars in Fig. 4 ). Comparison 378 of the γ-ray spectra has shown enhanced yields or slight modification in peak 379
shapes. These differences in the shape of the peak in the calorimetric spectrum 380 can arise from another process resulting in very similar energy deposition, i.e.
381
summing of either two coincident γ rays or a γ ray and an X ray.
382
The drop in tracking efficiency below 100 keV is in part related to the ap- be found in Ref. [24] .
405
MGT and OFT tracking algorithms start by grouping certain interaction 406 points which may be a part of the same physical event, resulting in one track.
407
These groups of candidates are called clusters. The interaction points in each
408
cluster are thus accepted in a given sequence or eventually rejected based on 409 the conditions demanded by the algorithm.
410
In general, for the so-called FOM only one MGT parameter is varied, which 411 defines how restrictive the algorithm is to the data sent as an input [24] . It The behaviour of tracking efficiency and P/T with respect to the absolute 421 tracking efficiency has been tested in MGT [24] and OFT [25, 36] , respectively.
422
This was done by 'tuning' the FOM by changing the tracking parameters which 423 are left free for the user to modify.
424
The effect of changing the FOM can be seen in Fig. 6 . The curves show 
Geant4 Simulations
464
The developed Geant4 simulation comprises a realistic implementation of perimental ones (see Table 1 ). They are also free from random coincidences. To 472 first order, this can be associated to the difference between ideal detectors in 473 the simulation and real detectors used for the experimental campaign at GSI.
474
Despite these small discrepancies, detailed Geant4 simulations are a valuable 475 tool in optimizing the tracking parameters for (in-beam) data analysis. All the operations on the data are performed with dedicated Narval [32] 507 chains -the so-called actors on the data -implemented via C++ classes.
508
The data from the EUROBALL capsule was processed in the same way as 509 from an AGATA crystal but with one exception, namely the Tracking actor.
510
Furthermore, the EUROBALL capsule is a single non-segmented HPGe detec-511 tor and the PSA was only formally performed on it. In practice, the algorithm 512
